The integral cross sections and rate constants of pure rotational and ro-vibrational energy transfer processes for the Ar-HF system are thoroughly studied by using the timeindependent close coupling method based on our newly constructed potential energy surface. Compared to previous theoretical results, pure rotational transitions in this work achieve better agreement with the experimental data. For ro-vibrational energy transfer, it is found that quasi-resonant transitions dominate the cross sections in all cases. Furthermore, the vibrational-resolved rate constant of transition v=1→v=0 increases very quickly with the temperature from 100 K to 1500 K and is also in good agreement with the available experimental results.
I. INTRODUCTION
The inelastic collision dynamics of Ar-HF has drawn considerable attentions because of its importance in the hydrogen fluoride chemical lasers engineering [1−3] . Over the past decades, numerous experimental [4−15] and theoretical [16−22] studies have been implemented and reported for the dynamics of vibrational and rotational energy transfer in the Ar-HF collision.
The pure rotational integral cross sections (ICSs) for the initial states v=0 and 1 of HF including state-tostate and total inelastic results were measured, but only relative values were reported [4−8] . As the counterpart, early theoretical studies attempted to calculate these quantities by using quasi-classical trajectory (QCT) and infinite-order sudden approximations (IOSA) methods [16−18] based on a pairwise additive potential. Later, Krems et al. [19, 20] and Shroll et al. [21] reported the ICSs for rotational transition of HF (v=0, j=0) at some low collision energies, using the coupledstates approximation (CSA). However, these theoretical results agree with the experiment only in trend and can only qualitatively reproduce the experimental ones.
The vibrational relaxation rate constants of the transition v=1→v=0 at high temperatures were also measured [9−11] . The observed rate constants were in consistence with each other and showed an order of 10 −14 cm 3 s −1 mole −1 from 1500 K to 2000 K. The attempt of measuring rate constants at 294 and 350 K † Dedicated to Professor Kopin Liu on the occasion of his 70th birthday.
* Author to whom correspondence should be addressed. E-mail: dqxie@nju.edu.cn were carried out by using the laser-excited vibrational fluorescence method [12−15] , but only the upper bound values were reported. On the theoretical side, Krems et al. [22] . calculated the state-to-state vibrational relaxation ICSs for the HF initial state of (v=1, j=0) and quasi-resonant features were found in this system. Besides, Krems et al. [19] calculated the rate constants via different potential energy surfaces (PESs) by using the CSA method, from 100 K to 1500 K. Unfortunately, all the previous calculated vibrational-resolved rate constants deviate significantly from the experimental data at all temperatures. Recently, we constructed a new full-dimensional ab initio PES for the Ar-HF system at the level of coupledcluster singles and doubles with noniterative inclusion of connected triples levels [CCSD(T)] [23] . The calculated bound ro-vibrational energy levels agree excellently with the experiment values, which shows the accuracy of our new PES. In order to predict more reliable state-resolved dynamics results of Ar-HF, in this work, we employ quantum dynamics to study energy transfer processes in Ar-HF, based on the new PES. These results should be useful for the simulations in the chemical laser engineering.
II. COMPUTATIONAL DETAILS
We adopted the time-independent quantum mechanical close coupling (CC) theory developed by Arthurs et al. [24] and Pack [25] to investigate the state-resolved dynamics of the Ar-HF inelastic collision. The stateto-state probability from HF initial state (v, j) to final state (v ′ , j ′ ) can be expressed in terms of the scattering matrix as where J is the total angular momentum, K is the projection of J onto the body-fixed axis, and p is the parity. The collision energy is given by E c =E − E vj , where E vj is the HF ro-vibrational energy eigenvalue. S
is a scattering matrix element, which is evaluated by solving the CC equations via the log-derivative method [26, 27] . The state-to-state cross section as a function of the collision energy E c is given by
The thermal rate constant is calculated by integrating the cross sections over the collision energy,
where k B is the Boltzmann constant. In order to compare with experimental results, which do not distinguish rotational states, the vibrational-resolved rate constant is calculated by summing the state-to-state rate constants over all diatomic final rotational states' and Boltzmann averaging their initial rotational states' rate constants [28] ,
where the weight is evaluated as
A series of convergence tests were carried out to determine the number of the basis set. Different maximum values of rotational quantum number j max were introduced to limit the number of the states included in the basis set for different vibrational states. Table I shows the vibrational levels, the corresponding maximum rotational quantum numbers, and the choices of maxima of the total angular momentum j max to converge 
III. RESULTS AND DISCUSSION

A. Rotational energy transfer
The total and relative ICSs for pure rotational energy transfer of Ar+HF(v=0, j=0)→Ar+HF(v ′ =0, j ′ =1−3) at E c =0.043 eV are listed in Table II . The experiment was implemented by Chapman in 1997 [8] . Due to the experimental broadening, data of the final state of (v ′ =1, j ′ =4) were obtained, which is a close channel at the total energy we discuss. The H6(4,3,2) results were also calculated by Chapman on Hutson's H6 PES [31] , with similar broadening employed in the calculations. V MP2 and V 2 are the results calculated by using an MP2 PES and an empirical PES, respectively [21] . Table III . In order to compare with the experimental results, which only report relative ICSs, we make the ICS of final state of (v ′ =1, j ′ =3) equal to the experimental one and others can be scaled accordingly to be the relative results. All the results in this table indicate that the rotational energy transfer is more efficient to the adjacent states than to those far away from the initial state, which conforms the conservation rule of internal energy. Besides, our results agree better with the experimental data, compared with the IOSA or IOSAM one [18] , which indicates that our PES can be also well applied to the dynamical calculations of vibrationally excited HF. The corresponding state-to-state rate constants between 100 and 400 K are calculated and shown in FIG. 1 rate constant at 100 K and the rate constant is thus smaller. As the temperature rises, transition of (v=1,
) is more efficient and its rate constant quickly becomes the largest one.
The total relaxation rate constant of initial state of (v=0, j=13) at room temperature is calculated to be 0. , respectively. The large deviation of their results from the experiment may be attributed to the inappropriate interaction PESs. Yet our result is close to the experimental one, which further indicates that our PES is more accurate.
B. Ro-vibrational relaxation
The state-to-state ICS for ro-vibrational relaxation process Ar+HF(v=1)→Ar+HF(v ′ =0) is calculated. Firstly, (v=1, j=3) is chosen as the initial state and the ICSs to all the final states are shown in FIG. 2 , at the collision energy of 0.02 eV, 0.11 eV, 0.15 eV, and 0.23 eV, respectively. The energy eigenvalues of related ro-vibrational levels of HF molecule are listed in Table  IV and the final state of (v ′ =0, j ′ =14) is energetically adapted to the initial state. At the lowest collision energy (E c =0.02 eV), final channels open only up to rotational level of j ′ =14, while at the highest collision energy, rotational levels up to j ′ =17 are open. All cases show that final state of j ′ =14 dominates these ICSs, and its adjacent rotational states of j ′ =13 and j ′ =15 are the second largest, which indicates an obvious feature of quasi-resonant energy transfer. ICSs of other far-away final states are suppressed to smaller two to 
) present a trend of a small peak, which shows the rule of conservation of internal angular momentum [32−34] . Secondly, the ICSs of various initial states (v=1, j=3), (v=1, j=7), (v=1, j=9), and (v=1, j=10) at identical collision energy of 0.081 eV are calculated and shown in FIG. 3 . As shown in Table IV, the corresponding energy-adapted final states to the above four initial states are (
, and (v ′ =0, j ′ =17), respectively. Unsurprisingly, the ICSs of these final states are the largest one respectively in the four curves. For initial state of (v=1, j=3), the final state of (v ′ =0, j ′ =13) has the second largest ICS, which is about only ten times smaller than the largest one, while for initial state of (v=1, j=7), the factor can be up to one hundred. It is explained that as the rotational quantum number increases, the energy gap between adjacent levels becomes larger and the energy transfer thus is inefficient. These quasi-resonant features of state-to-state ro-vibrational relaxation were also found in other rare gas-hydrogen fluoride (Rg-HF) [35] and H 2 -HF energy transfer systems [36] .
The vibrational-resolved rate constant of v=1→v ′ =0 transition from 100 K to 1500 K is further calculated, by averaging over the initial states of (v=1, j=0−15) .  FIG. 4 shows the rate constant of this work together with the calculated result by Krems et al. [19] and various measured results [9−14] . As mentioned above, the experimental rate constants at low temperatures are inaccurate, while they are reliable at high temperatures. The theoretical results calculated by Krems using CSA method on DIM PES are ten to fifteen times larger than the experimental one at high temperature. Our results of rate constant span three orders of magnitude from 100 K to 1500 K and follow the same trend as Krems, which increases rapidly with the temperature increasing. Above 500 K, the calculated rate constant is much smaller than that of Krems. At temperature of 1350 K, our result of 4.0×10 −15 cm 3 s −1 mole −1 is in better agreement with the experimental data, especially with that measured by Bott et al. [9] .
IV. CONCLUSION
In this work, we report state-to-state inelastic collision dynamics for Ar-HF by using time-independent CC method based on our newly developed PES. The stateto-state ICSs for pure rotational energy transfer from v=0 and v=1 are calculated, respectively, and good agreement with various experimental data is found. For the ro-vibrational relaxation process v=1→v ′ =0, quasiresonant transitions dominate the ICSs in both cases of low and high collision energies. The vibrationalresolved rate constant increases rapidly with the temperature increasing and is in quite good consistence with the experimental results at high temperatures.
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